The purpose of this study was to determine whether the effects of cumulative head impacts during a season of high school football produce changes in diffusional kurtosis imaging (DKI) metrics in the absence of clinically diagnosed concussion. Subjects were recruited from a high school football team and were outfitted with the Head Impact Telemetry System (HITS) during all practices and games. Biomechanical head impact exposure metrics were calculated, including: total impacts, summed acceleration, and Risk Weighted Cumulative Exposure (RWE). Twenty-four players completed pre-and post-season magnetic resonance imaging, including DKI; players who experienced clinical concussion were excluded. Fourteen subjects completed pre-and post-season Immediate Post-Concussion Assessment and Cognitive Testing (Im-PACT). DKI-derived metrics included mean kurtosis (MK), axial kurtosis (K axial), and radial kurtosis (K radial), and white matter modeling (WMM) parameters included axonal water fraction, tortuosity of the extra-axonal space, extraaxonal diffusivity (D e axial and radial), and intra-axonal diffusivity (D a ). These metrics were used to determine the total number of abnormal voxels, defined as 2 standard deviations above or below the group mean. Linear regression analysis revealed a statistically significant relationship between RWE combined probability (RWE CP ) and MK. Secondary analysis of other DKI-derived and WMM metrics demonstrated statistically significant linear relationships with RWE CP after covariate adjustment. These results were compared with the results of DTI-derived metrics from the same imaging sessions in this exact same cohort. Several of the DKI-derived scalars (D a , MK, K axial, and K radial) explained more variance, compared with RWE CP , suggesting that DKI may be more sensitive to subconcussive head impacts. No significant relationships between DKI-derived metrics and ImPACT measures were found. It is important to note that the pathological implications of these metrics are not well understood. In summary, we demonstrate a single season of high school football can produce DKI measurable changes in the absence of clinically diagnosed concussion.
Introduction
F ootball has the highest concussion rate of any competitive contact sport. 1 Parents, coaches, and physicians of youth athletes are becoming increasingly concerned about the effects of head impacts. These concerns are reflected in the recent 9.5% decrease in participation in the Pop Warner youth football program. 2 While concussion can represent a serious and immediate clinical manifestation of any head impact, the effects of repeated subconcussive impacts on youth and high school populations are largely unknown.
Previous research has focused primarily on collegiate football players. [3] [4] [5] [6] [7] Recent biomechanical studies of head impacts have shown impact distributions for youth and high school players to be similar to those seen at the collegiate level, with differences primarily in the highest impact magnitudes and total number of impacts. [7] [8] [9] The effects of these impacts can, in part, be studied through measuring the integrity of white matter, or using diffusion tensor imaging (DTI) derived metrics, which are known to be important in tracking brain development. 10 Recently, we demonstrated associations between DTI-derived metric changes and biomechanical head impact metrics over a single season of high school football. 11 Bazarian and colleagues found similar changes in DTI-derived metrics that correlated with helmet impact measures over a single season of collegiate football. 12 Diffusional kurtosis imaging (DKI) is an extension of DTI that may provide additional information regarding white matter integrity. When diffusion is homogeneous and Gaussian, it can be calculated using the linear estimation methods applied for DTI. However, diffusion in the brain is naturally anisotropic and non-Gaussian due to the effects of the cellular microstructure, particularly myelinated axons. DKI is able to measure the non-Gaussian diffusion by requiring three b values and at least 15 gradient directions. Kurtosis refers, in general, to a dimensionless statistic that quantifies the deviation from a Gaussian, or normal distribution. 13 Kurtosis can be used to characterize quantitatively non-Gaussian water diffusion from magnetic resonance imaging (MRI) using a series of equations. 14 The diffusional kurtosis pertains specifically to the distribution of molecular displacements associated with a diffusive medium, such as water within brain tissue. A greater degree of structure in the medium tends to cause more deviations from Gaussian movement and typically increases the diffusional kurtosis. 15 Because water diffusion in the brain is anisotropic, particularly in white matter, the diffusional kurtosis depends on the direction in which the diffusion is measured.
DKI-derived metrics include mean kurtosis (MK), axial kurtosis (K axial), and radial kurtosis (K radial). 16 MK is the mean, over all diffusion directions, of the measured diffusional kurtosis. K axial is measured along the principal diffusion tensor eigenvector, while K radial is the average measured kurtosis over all directions perpendicular to the principal eigenvector. The principal diffusion tensor eigenvector is the direction that maximizes the diffusivity; in white matter regions with unidirectional axons, it generally will be oriented parallel to the axons, which is the basis of white matter fiber tractography. 17 These kurtosis parameters apply to any diffusive medium and reflect the physics of the diffusion dynamics. By augmenting these with tissue modeling assumptions for brain microstructure, additional metrics can be calculated that have more specific biological interpretations. 18 One simple example, which we call the white matter modeling (WMM) method, assumes that the axons are unidirectional and that brain tissue water can effectively be divided into two non-exchanging pools corresponding to the intraaxonal space and extra-axonal space (EAS). 31 The combination of DKI and WMM allows for the calculation of several model parameters, including the axonal water fraction (AWF), the tortuosity of the EAS, the extra-axonal diffusivities (D e axial and radial), and the intra-axonal diffusivity. AWF represents the fraction of the water signal in the axons relative to the total water signal. Tortuosity measures the ratio of diffusion along the direction of the fibers and the diffusion perpendicular to the fibers in the EAS; it is expected to be sensitive to the myelinated axonal fraction, which increases with increasing myelin and axonal density.
DKI-derived metrics have been used to study early development, autism spectrum disorders, attention-deficit/hyperactivity disorder, Alzheimer's disease, and traumatic brain injury (TBI). [19] [20] [21] [22] [23] These studies suggest that DKI-derived metrics can provide a more sensitive imaging biomarker to assess the changes in microstructure in the brain. MK increases with age, as expected for brain development; however, other metrics are not well studied in the adolescent age group. 19, 22 Stokum and colleagues showed decreases in MK and K radial, from 10 days post-injury to 6 months post-injury, in subjects with TBI, compared with controls. 21 Grossman and colleagues also showed decreases in MK in subjects scanned within 1 year post-injury, compared with controls. 24 In contrast, Zhuo and colleagues showed increases in MK from baseline in rats scanned 7 days post-injury, which coincided with increases in K axial and decreases in K radial. 25 Concussion, or mild traumatic brain injury (mTBI), is typically a clinical diagnosis. However, in order to study the more subtle effects of subconcussive head impacts, an effective method of measuring the biomechanical forces associated with each head impact is required. To acquire this information, many investigators have used the Head Impact Telemetry System (HITS). The HITS collects real-time data during on-field play, and has been implemented at the youth, high school, and collegiate levels. [3] [4] [5] [6] 8, 26, 27 It consists of a base unit, placed beside the field, and helmet-embedded encoders that are designed such that the sensors remain in contact with the head to ensure measurement of head acceleration rather than helmet acceleration. These helmet-embedded sensor systems collect data on number of impacts, time between impacts, as well as peak resultant linear acceleration and estimated peak resultant rotational acceleration, which is sent to the base unit in real-time. This data is then analyzed in terms of the peak acceleration, impact location, and other biomechanical indicators.
The primary aim of this study was to determine if the cumulative effects of head impacts from a season of high school varsity football can produce DKI detectable changes in the brain in the absence of clinically diagnosed concussion. The primary hypothesis was that there would be a significant association between the cumulative head impact exposure of an athlete and DKIderived metrics, due to an alteration in microstructural complexity related to axonal injury. 25 Additionally, we compared the DKI metrics to DTI metrics from a previous study computed in the same cohort.
Methods

Protocol summary
The HITS data collection, imaging acquisition, cognitive testing, and subjects for this paper are identical to that of Davenport and colleagues 11 and are abbreviated here. 7 The calculation of DKI scalar metrics differs and is explained in more detail.
All subjects (n = 24, male; mean age = 16.9) were fitted with the HITS for acquisition of biomechanical exposure data during all practices and games. From this data, Risk Weighted Cumulative Exposure (RWE) was calculated. 7 This metric represents the cumulative concussion risk for each impact for each player over the course of the season. The RWE can be calculated separately from the linear, rotational, and combined probability risk functions and is referred to as RWE Linear , RWE Rotational , and RWE CP respectively. 28, 29 Our primary hypothesis relates to changes in the brain associated with RWE CP. RWE CP is based on the combined probability associated with the peak resultant linear and rotational acceleration components of each head impact. In addition, all participants received baseline, pre-season, and post-season MRI and ImPACT neuropsychologic testing. 
ImPACT cognitive testing protocol
Neuropsychological testing was administered pre-and postseason using version 2.1 of the ImPACT computer test battery at the high school computer laboratory under the supervision of the team's athletic trainer. 30, 31 Ten of the 24 subjects did not return for post-season ImPACT testing, leaving 14 subjects (mean age, 17.03) with complete pre-and post-season testing. The outcome measures include Verbal Memory, Visual Memory, Visual Motor (Processing Speed), and Reaction Time.
MRI acquisition and processing
MRI data was acquired on a 3 Tesla Siemens Skyra MRI scanner using a 32-channel human head/neck coil (Siemens Medical, 
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Erlangen, Germany) in accordance with the National Institute of Neurological Disorders and Stroke Common Data Elements specification. T1-weighted images were obtained for anatomic correlation using a 3D volumetric Magnetization Prepared Rapid Acquisition Gradient Echo sequence with isotropic resolution of 0.9 mm 3 : repetition time (TR) = 1900 msec; echo time (TE) = 2.93 msec; inversion time (TI) = 900 msec; flip angle = 9 degrees; slices = 176. Diffusion-weighted data were acquired using a twodimensional single-shot EPI sequence (TR = 10,500 msec; TE = 99 msec; flip angle = 90 degrees; spatial resolution = 2.2 · 2.2 mm 2 ; slice thickness = 3 mm; slices = 54; 10 b = 0 volumes; 15 diffusion directions with b = 1000/2000 sec/mm 2 each). The additional b value of 2000 provided for computation of DKI metrics. Pre-processing of diffusion tensor images was performed using FMRIB Software Library. 32 All DKI-derived and WMM metrics were calculated using the Diffusion Kurtosis Estimator (DKE). 33 Images were corrected for distortion by normalizing the B0 image to the T1 image and subsequently applying the transform to the DKE output images. These scalar maps were then normalized to MNI space based on parameters from an SPM8 normalization of the corresponding T1-weighted structural images. WMM metrics were masked to only allow white matter voxels with fractional anisotropy (FA) above 0.4, in accordance with the model as-sumptions. 34 DKI-derived metrics were masked for whole-brain, white matter, and gray matter for separate analysis. All images were visually inspected to ensure quality of processing procedures. Delta maps (post-season minus pre-season), were computed for each DKI and WMM metric. The group mean and standard deviation of the delta maps were used to calculate voxel-wise Z-scores thresholded at -2 SD. 11 This provides a single number representing the total number of abnormal voxels for each subject and each scalar metric to be used in the regression analysis.
Comparison of biomechanics and imaging data
Linear regression analyses were performed to study the relationship between cumulative exposure metrics and DKI-derived and WMM metrics using JMP (SAS Institute Inc., Cary, NC). Secondary analyses with RWE Linear and RWE Rotational , and DKI-derived and WMM measures also were performed to better characterize any associations. In the primary analysis, the number of abnormal MK voxels was used as a dependent variable. A log transformation was applied in order to satisfy assumptions of normality. Age at preseason, body mass index (BMI), and time between scans were used as covariates. No outliers were identified in any linear regression performed based on the Cook's distance of each point. No corrections were made for multiple comparisons, as our primary hypothesis centered on the relationship between RWE and MK.
Comparison of cognitive testing and imaging data
The delta (post-season minus pre-season) of each ImPACT outcome measure also was computed (Verbal Memory, Visual Memory, Visual Motor [Processing Speed], and Reaction Time).
The delta scores were then individually, compared with the number of abnormal DKI voxels using the Spearman's rank correlation coefficient.
Results
Our primary hypothesis focused on changes in MK associated with RWE CP . This association explained 4% of the total variance in 
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the whole-brain (Table 1B ; p = 0.3507). Covariate adjustment for age, BMI, and time between scans increased the strength of this relationship to explain 66% of variance ( p < 0.0001). RWE CP also demonstrated a significant relationship with AWF (R 2 = 0.20; p = 0.0268). The strength of this relationship increased after covariate adjustment for time between scans, age, and BMI (R 2 = 0.51; p = 0.0013). Other DKI-derived and WMM metrics ( MK, K axial, K radial, and D e axial, D e radial, D a ) also achieved significance after covariate adjustment. The relationship between RWE CP and its subcomponents with respect to tortuosity did not achieve significance. The linear component of RWE similarly achieved significance for many of these metrics, except for D e axial (Table 1A ; p = 0.0675). Relationships between RWE Linear and whole-brain DKI-derived metrics ( MK, K axial, and K radial) were all significant (Table 1B) . For the rotational component of RWE, only wholebrain and gray matter DKI-derived metrics achieved significance (Tables 1B, 1D) . Tables 1A-D were computed based on two tails of the distribution, examining both increases and decreases (-2 SD) in DKI-derived and WMM metrics. The metrics in Table 1A were calculated for areas where FA >0.4, whereas Table 1B includes all voxels within the brain. Table 1C is for WM voxels only and Table 1D is for gray matter voxels only. We performed additional analyses of the DKI-derived and WMM metrics examining only increases (+ 2 SD) shown in Tables 2A-D, and only decreases (-2SD) shown in Tables 3A-D. When only increases in MK (whole-brain) were considered (Table 2B) , the relationships were similar to when both ends of the distribution were considered. The relationship between MK and RWE CP explained 9.4% of the variance ( p = 0.1446). After covariate adjustment, this relationship increased to explain 46.3% of the variance ( p = 0.0028). The relationship between AWF and RWE CP explained 21.3% of the variance ( p = 0.0232), which increased after covariate adjustment to 39.4% of the variance ( p = 0.0081).
When examining only decreases (Tables 3A-D) , the relationship between MK and RWE CP did not achieve significance. However, D e radial was significant following covariate adjustment, as well as K radial in the WM. Similarly, for RWE linear , only D e axial and K axial in the white matter achieved significance following covariate adjustment. Interestingly, multiple metrics achieved significance for the rotational component (RWE rotational ), including AWF, D e radial, MK, and K radial.
Total impacts
DKI-derived metrics, (MK, K axial, and K radial), compared with total impacts achieved significance only after covariate adjustment. For the WMM, D e radial versus Total Impacts achieved significance when examining the decreases in white matter areas with FA >0.4. Other WMM metrics (AWF, tortuosity, D e axial, and D a ) did not achieve a significant relationship, compared with total impacts.
Summed acceleration
DKI-derived metrics, (MK, K axial, and K radial), compared with summed linear acceleration, as well as summed rotational acceleration, achieved significance in gray matter and whole-brain only after covariate adjustment. Similar to total impacts, D e radial versus summed linear acceleration and D e radial versus summed rotational acceleration achieved significance when examining the decreases in white matter areas with FA >0.4. Other WMM metrics (AWF, tortuosity, D e axial, and D a ) did not achieve a significant relationship, compared with summed linear acceleration or summed rotational acceleration. 
Cognitive testing
Spearman's rank correlation revealed no statistically significant associations between ImPACT composite score decrease (postminus pre-season) and the number of abnormal voxels.
Discussion
In this study, we compared the pre-and post-season imaging data and cognitive data of players with head impact exposure experienced during one season of high school football, represented by RWE. A method was used allowing the number of abnormal DKI-derived metric voxels to be measured independent of spatial relationships. The number of abnormal voxels (> 2 SD) in all DKI-derived and most WMM metrics had a statistically significant association with RWE CP . This study uses the same subjects and biomechanical data as a previous report investigating relationships between DTI-derived metrics and head impacts, allowing for direct comparison with the DTI data. 11 These studies are among the first to report quantitative relationships between head impact metrics and DTI-derived or DKI-derived scalars in non-concussed subjects.
The RWE metric captures the wide variances in exposure within the subjects. RWE CP takes into account both the frequency and severity of the peak linear and rotational acceleration experienced from each impact to the head. RWE Linear and RWE Rotational are computed from the peak linear and rotational accelerations separately. Each are computed from the respective risk function (combined probability, linear, or rotational). A positive relationship between an increasing RWE metric and an increasing number of abnormal DKI-derived and WMM metric voxels suggests an association between increased cumulative head impact exposure and white matter integrity changes. Studies in animal models and humans have shown the risk of brain injury and associated functional impairment increases as the frequency and severity of head impacts increase. [35] [36] [37] There are few studies relating DKI-derived or WMM metrics to TBI, or mTBI. However, it has been shown that DKIderived metrics change in the presence of mTBI, especially MK. 21 Here, we demonstrate changes in DKI-derived and WMM metrics that are significantly associated with an athlete's cumulative head impact exposure, represented as RWE CP , in the absence of clinically diagnosed concussion.
RWE CP was able to explain variance in all DKI-derived and most WMM metrics. RWE Linear was able to explain the variance in fewer metrics than those explained by RWE CP . DKI-derived scalars demonstrated limited significant relationships with RWE Rotational , 
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total impacts, or summed acceleration. We previously found that DTI-derived metrics were better explained by RWE CP and demonstrated no relationship with total number of impacts. 11 RWE is an equation that includes not only the number of impacts or total acceleration, but the summed risk associated with the rotational and linear acceleration of each impact. The number of impacts or ac-celeration alone provide partial information, as the frequency and severity of impacts may have difference effects. RWE considers the non-linear relationship between impact magnitude and concussion risk and may be a more robust metric of characterizing the cumulative exposure of an athlete. Our findings with DKI metrics, again, suggest that knowledge of the cumulative exposure of an athlete, represented by both the frequency and severity (linear and rotational acceleration) of each impact, is needed for accurate characterization of the effects of sub-concussive head impacts.
Changes in WMM metrics and DKI-derived metrics with regard to RWE may provide more information on the response of white matter to mTBI and subconcussive impacts. Water diffuses through biological tissues in a non-Gaussian manner due to cellular microstructure. This is also seen in the brain, especially due to myelinated axons. A higher mean kurtosis indicates more microstructural complexity. The axial and radial kurtosis provide the direction of any potential abnormalities. Tortuosity represents the ratio of diffusion along the direction of the fibers to diffusion perpendicular to the fibers in the EAS. Thus, tortuosity is a measure of the packing arrangement of the axons, not simply the packing density. 19 AWF represents the fraction of water signal in the axons relative to the total water signal. AWF values are comparable to axonal volume density measures in animal models. 34 D e radial is expected to be sensitive to axonal volume, as well as myelin integrity. The D e axial and D a metrics should be sensitive to structural changes along, or parallel, the axon (e.g. axonal beading). 38 In our study, we observed a significant relationship between cumulative exposure metrics and many of the DKI-derived and WMM metrics. These results indicate a variety of changes and injury types that may be occurring within the white matter, including axonal swelling, axonal beading, ischemia, and astrogliosis. Increases in AWF, indicating a greater amount of water in the axons relative to the total water signal post-season than preseason, are indicative of axonal swelling. MK, K axial, and K radial all increased significantly for whole-brain, white matter, and gray matter. Similar changes have been seen previously in ischemic regions of stroke patients. 38, 39 The significant increase in MK also has been demonstrated in axonal injury and astrogliosis. 25 Astrogliosis is the increase of reactive astrocytes due to the destruction of nearby neurons. This abnormal increase in astrocytes increases the microcellular complexity and has been shown to significantly elevate the measured MK in animal models. 25 The increase in astrocytes is a lingering effect seen in animal models after induced TBI. 40 Axonal injury and the associated release of cytokines by activated microglia can induce astrogliosis. Microglial inhibition is now the target of several potential and promising TBI therapies. [41] [42] [43] Both significant increases and decreases were seen in the various WMM metrics. The trending decrease in D a , in conjunction with the increase in AWF, follows a model of ischemia and is consistent with axonal beading. 38 The increases in D a with decreases in D e radial suggest areas of cytotoxic edema, causing water to shift from extrato intra-axonal regions. In contrast, the increases in D e axial and radial may be due to areas of extra-axonal inflammation or vasogenic edema. Interestingly, none of the results were suggestive of demyelination. In summary, our findings indicate that the axons are experiencing a variety of changes in their microstructural complexity. This may be indicative of multiple mechanisms, including swelling, beading, ischemia, and astrogliosis. However, the pathological implications of these metrics still are not well understood.
In all of these relationships, it is important to consider the strong effect of the covariates. DKI-derived metrics have proven to be a strong predictor of brain maturation, where DTI-derived metrics showed little dependency on age. 44, 45 The DKI-derived metrics could be especially sensitive to the brain changes due to age and time between scans, making them important factors to regress out. However, the effect of BMI on DKI-derived metrics has not been well studied. There is evidence suggesting an effect of BMI on DTI-derived metrics. 46 A study of well characterized healthy children and animal models is necessary to further investigate these relationships.
In comparison to a previous study of DTI-derived metrics (obtained at the same imaging sessions in this exact same cohort), the DKI-derived scalar relationships with RWE explained more variance-especially D a , MK, K axial, and K radial-in whole-brain 
2142
and gray matter, suggesting that DKI may provide more sensitive and specific metrics for subconcussive head impacts. Our previous work with DTI in this group demonstrated the strongest relationship between linear anisotropy (C L ) and RWE CP (R 2 = 0.5626; p < 0.0001), as shown in Figure 1 . In the current study, the strongest relationships were between MK and RWE CP (R 2 = 0.6598; demyelination. In contrast, we did not demonstrate evidence of demyelination in the DKI-derived metrics. This is not necessarily conflicting, as the DKI-derived metrics are more specific and can provide less ambiguous information. In addition, the relationship with MK and RWE CP was suggestive of astrogliosis. We found no statistically significant relationships between magnitude of delta ImPACT composite scores (post-minus preseason) and number of abnormal voxels for any imaging metrics. We did demonstrate a significant relationship between Verbal Memory composite score and DTI metrics in our previous study. 11 It is known that DKI-derived metrics relate to cognitive metrics in Alzheimer's disease and mild cognitive impairment. 47 To identify this relationship in our cohort, a larger sample may be needed. In addition, the ImPACT test has proven sensitive to concussion, but its sensitivity to sub-concussive cognitive changes is unknown and the statistical power to detect associations may have been low. 48 The DKI metrics also may be demonstrating changes taking place in the brain before they become clinically apparent. This phenomena of the discrepancy between the amount of brain damage and the observed clinical manifestations is often described as cognitive reserve. 49 Several caveats must be considered. Our sample size is relatively small; however, it is one of the largest studies to date of non-concussed high school football players to include biomechanics, imaging, and cognitive data. Our subjects were monitored during all practices and games by trained staff in concussion identification and management, including a certified athletic trainer. However, it is possible a concussion was not reported or went undetected, as previous studies show a 50% underreporting rate for concussion in high school football. 50 Although a control group of non-contact sport athletes was not used, this is somewhat mitigated by the use of delta metrics with the subjects baseline scans serving as an internal control. Our study was not designed to examine the potential reversibility or the time course of these changes. The WMM parameters are based on specific tissue modeling assumptions, 51 and so their interpretation should be regarded as preliminary.
Conclusion
We demonstrate a significant relationship between changes in DKI-derived metrics and cumulative head impact exposure using the RWE metric in the absence of clinical concussion. In this study, we show that a single season of high school football produced DKIderived and WMM metric changes that have previously been seen in animal models of TBI. Although the pathophysiologic implications of these metrics will still require further research, this study adds to a growing body of literature demonstrating that a single season of contact sports can result in brain changes regardless of clinical findings or concussion diagnosis.
